ABSTRACT. This study aimed to evaluate the clinical significance of diffusion tensor imaging (DTI) in the early diagnosis of pyramidal tract Wallerian degeneration (WD) and assessment of neurological recovery following cerebral infarction. This study included 23 patients with acute cerebral infarction and 10 healthy adult controls. All participants underwent both magnetic resonance imaging (MRI) and DTI scans. DTI images were analyzed using the Functional MRI of the Brain Software Library to determine the regions of interest (ROI) and obtain the mean diffusivity (MD) and fractional anisotropy (FA) value for each ROI. The correlation between FA or MD and postinfarction functional recovery of the nervous system was further analyzed to assess the feasibility of using a DTI scan in the evaluation of functional recovery of the nervous system in patients with cerebral infarction. DTI may be useful in detecting signals of early postinfarction pyramidal tract WD and is useful for the evaluation of postinfarction neurological recovery. Cerebral lesions were detected using MRI in all patients. It was found that in some patients, the FA value of the ipsilateral pyramidal tract on DTI was decreased as early as day 3 after the onset of infarction and in all patients by day 7. Subsequent correlation studies showed that the FA value of the ipsilateral pyramidal tract on day 13 was negatively correlated with the National Institutes of Health Stroke Scale score, but positively correlated with the Barthel Index, motricity index, and modified Rankin Scale scores.
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INTRODUCTION
Pyramidal tract Wallerian degeneration (WD) was first discovered by Waller et al. in the brain tissue of patients with brain injury (Waller, 1850) . It refers to the anterograde degenerative process of the distal axon and myelin following damage to the neuron or proximal axon (Conforti et al., 2014) . Secondary pyramidal tract WD is primarily caused by cerebral infarction and may also be related to stroke, traumatic brain injury, and brain malignancy (Jones et al., 2013) . Early diagnosis and evaluation of pyramidal tract WD is essential for neurological recovery and improving prognosis in patients with cerebral infarction (Taraschenko et al., 2015) . In the past, pyramidal tract WD was usually diagnosed using magnetic resonance imaging (MRI) (Liu et al., 2012) . However, the application of MRI in the early diagnosis of pyramidal tract WD is limited because of its low sensitivity for the detection of signal changes in early WD (Carota and Dinacci, 2012) .
With advances in biotechnology and medical imaging, a new technology, diffusion tensor imaging (DTI), has been developed. DTI is an imaging approach based on the direction and strength of the movement of water molecules in tissues (Walker et al., 2016) . Since brain nerve fibers are uniformly oriented, the membrane structure of neurons (mainly axonal and myelin membrane) can effectively prevent water diffusion in a perpendicular direction, resulting in stronger water diffusion in the direction of nerve fibers compared with the vertical direction (Samartzis et al., 2014) . However, structural changes in the nerve fibers cause alterations in water diffusion, leading to differences in DTI (Mascalchi et al., 2015) . Using this technique, a previous study on the microstructure of white matter in patients with Cushing's syndrome was conducted and revealed a marked change in the integrity of white matter fibers with demyelinating lesions (Huang et al., 2014; Pires et al., 2015) , suggesting DTI might be a reliable approach for the diagnosis of nerve-related diseases. However, whether DTI could be used for the diagnosis of pyramidal tract, WD remains poorly understood. In this study, we aimed to evaluate the clinical significance of DTI in the early diagnosis of pyramidal tract WD following cerebral infarction and assessment of neurological recovery.
MATERIAL AND METHODS

Materials
Study subjects
A total of 23 patients (14 men, 9 women) with acute cerebral infarction who were admitted to Xianyang Hospital of Yan'an University between March 2014 to January 2015 were included in this study, with a mean age of 56.7 ± 5.1 years (mean ± standard deviation) (range: 47-68 years). Ten healthy adults (7 men, 3 women) aged 50 to 65 years (mean age: 57.5 ± 5.2 years) with normal findings following examination of the central nervous system and brain MRI were selected as controls.
Inclusion criteria
The inclusion criteria were as follows: 1) first-ever acute cerebral infarction in patients with solitary cerebral infarct; 2) scanning within 7 days of onset; 3) aged 45-70 years old; 4) no previous history of infarction; and 5) no previous history of neurological diseases or mental illness. All patients underwent a brain MRI scan and the detected lesions were consistent with the clinical symptoms. The typical manifestations of WD were detected on MRI follow-up. All patients received conventional inpatient therapy in our hospital's Department of Neurology. This study was approved by the Ethics Committee in Xianyang Hospital of Yan'an University. All subjects were required to provide informed consent before enrolling in the study.
Experimental methods
Diagnostic indices
DTI radiographic indices included fractional anisotropy (FA) and mean diffusivity (MD) (Walker et al., 2016) . Indices of nervous system function included the National Institutes of Health Stroke Scale (NIHSS) (Jeyaseelan et al., 2015) , Barthel Index (BI) in assessing the activities of daily living (Chen et al., 2013) , modified Rankin Scale (mRS) (McArthur et al., 2013) , and motricity index (MI) (Fayazi et al., 2012) .
Examination methods
All patients underwent a conventional MRI scan using a Philips Gyroscan ACS-NT Powertrack 6000 1.5 T MR imaging system (Best, NL). Patients wearing a standard head coil were lying in either a supine or a prone position. The scanned area ranged from the vertex to the lower edge of the medulla oblongata. Axial spin echo (SE) T1 [repetition time (TR)/echo time (TE): 250/3 ms], fast spin-echo T2-weighted (TR/TE: 4100/91 ms), and fluid attenuation inversion recovery (FLAIR) sequences (TR/TE: 6500/94 ms) were generated. The following parameters were set: diffusion-weighted images (DWI) with a maximum proliferationsensitive factor b value of 1000 s/mm 2 , field of view (FOV), 230 x 230 mm; matrix size, 256 x 256; slice thickness, 5 mm; number of layers, 23; and layer spacing, 1 mm. The DTI scan was performed using a single-shot Echo-Planar Imaging sequence with the following parameters: FOV, 230 x 230 mm; matrix size, 256 x 256; slice thickness, 3 mm; number of layers, 42; layer spacing, 1 mm; and TR/TE, 9825/131 ms. Diffusion was applied along at least six noncollinear directions with an axial DWI maximum proliferation-sensitive factor b value of 700 s/mm 2 (George et al., 2014) .
DTI data analysis
The original images on the DTI scan were analyzed using the FMRIB Software Library (FSL, http://www.fmrib.ox.ac.uk/fsl). Regions of interest (ROIs) were defined on the original images including the cerebral infarct, cerebral peduncle, and posterior limb of the ipsilateral internal capsule, as well as the corresponding region of the contralateral hemisphere. Mean diffusivity (MD) and fractional anisotropy (FA) values of each ROI were obtained. FA and MD values of the pyramidal tract were calculated as the mean values of the FA and MD of the cerebral peduncle and posterior limb of the internal capsule, respectively. FA and MD values of the cerebral peduncle, posterior limb of the internal capsule, and pyramidal tract in the control group were also determined (Knorr et al., 2013) .
Statistical analysis
Data were analyzed using SPSS 17.0 and are represented as mean ± standard deviation. Differences in FA and MD values between groups were compared using the unpaired Student t-test. Pearson correlation was performed for the correlation analysis. P < 0.05 was considered statistically significant.
RESULTS
MRI scan
Clear cerebral lesions were detected in all patients (Figure 1) . Of the 23 patients, the infarct was located in the right hemisphere in 15 cases and in the left hemisphere in 8 cases. All cerebral lesions showed low signal intensity on T1-weighted images and high signal intensity on T2-weighted images, FLAIR, and DWI. A normal signal was detected in the pyramidal tract using a conventional MRI scan at 3 days after the infarction. 
DTI scan
All patients underwent DTI examination, and data were analyzed using the FSL package. Representative images of the cerebral lesion, cerebral peduncle, and posterior limb of the internal capsule on DTI are shown in Figure 2 . The FA signal in cerebral lesions was markedly lower compared with the corresponding contralateral region (red circles in Figure 2A ). The FA of cerebral lesions (0.266 ± 0.069) was significant lower than that of the corresponding contralateral region (0.523 ± 0.078, P < 0.01). The MD signal in cerebral lesions was also obviously reduced compared with the corresponding contralateral region (yellow circles in Figure 2B ). The MD value of cerebral lesion (6.104 ± 1.023) was significant lower than that of the corresponding contralateral region (8.011 ± 1.182, P < 0.01). The FA signal in the posterior limb of the internal capsule near the cerebral lesion was also obviously lower compared with the corresponding contralateral region (black circles in Figure 2C ). The FA value of the cerebral lesion (0.604 ± 0.089) was significant lower than that of the corresponding contralateral region (0.694 ± 0.088, P < 0.05). There was no obvious difference in the MD signal of the posterior limb of the internal capsule on both sides (white circles in Figure 2D ). Moreover, the FA signal of the cerebral peduncle near the cerebral lesion was significantly reduced compared with the corresponding contralateral region (purple circles in Figure 2E , P < 0.05). The FA and MD values of the cerebral lesion, cerebral peduncle, posterior limb of the internal capsule, and pyramidal tract, as well as the corresponding contralateral regions are listed in Table 1 . All 23 patients underwent a DTI scan 1, 2, 3, 5, and 7 days after disease onset. It was found that the FA value of the ipsilateral pyramidal tract in two patients on day 3 had decreased by 18% compared with day 1. The FA value in 74% of patients (17/23) was substantially decreased by day 5 and the FA value in all patients was reduced by day 7. The ratio of the FA value of the ipsilateral pyramidal tract to that of the contralateral pyramidal tract at different times is shown in Figure 3 , demonstrating that the FA of the ipsilateral pyramidal tract gradually decreased over time. The nervous system function of each patient was evaluated using the NIHSS, BI, MI, and mRS and the correlation between the neurological scores and FA values of different regions on DTI was analyzed. It was shown that FA value of the posterior limb of the internal capsule on day 13 was negatively correlated with the NIHSS score on day 90 (r = -0.631, P = 0.017), but was positively correlated with BI (r = 0.526, P = 0.041) and MI scores (r = 0.542, P = 0.036). The FA value of the cerebral peduncle was negatively correlated with NIHSS (r = -0.596, P = 0.020) on day 13 and mRS scores (r = -0.679, P = 0.005) on day 90, but was positively correlated with BI (r = 0.678, P = 0.007) and MI scores (r = 0.646, P = 0.009) on day 90. Moreover, the FA value of the ipsilateral pyramidal tract on day 13 was negatively correlated with the NIHSS score (r = -0.655, P = 0.013) on day 90, but was positively correlated with BI (r = 0.625, P = 0.013), mRS (r = 0.663, P = 0.011), and MI scores (r = 0.633, P = 0.015).
DISCUSSION
Pyramidal tract WD refers to the anterograde degenerative process of the distal axon and myelin following damage to the proximal end of the pyramidal tract neurons. Cerebral infarction has been known to be the primary cause of pyramidal tract WD and may occur within one week of infarction. Early diagnosis of pyramidal tract WD is essential for treating and improving the prognosis of cerebral infarction patients. However, it is difficult to diagnose pyramidal tract WD early using MRI examination due to its low sensitivity for detecting the subtle signal changes of early WD (Jones et al., 2013) . DTI is an imaging technology based on the diffusion movement of water molecules in tissues (Pires et al., 2015) . In this study, early pyramidal tract WD in patients with cerebral infarction was diagnosed using DTI. It was shown that the disease was detected in some patients as early as day 3 after the infarction as indicated by the decreased FA value of the ipsilateral pyramidal tract on DTI. On day 7, pyramidal tract WD was confirmed in all patients, suggesting that DTI was superior to computed tomography and MRI in detecting early pyramidal tract WD (Maeshima et al., 2013) . Pyramidal tract WD may cause varying degrees of dysfunction in motor and sensory systems, language, and intelligence. Therefore, our study is of great significance for the early diagnosis of secondary pyramidal tract WD, improvement of treatment efficacy, and reduction of morbidity and mortality (Taraschenko et al., 2015) .
DTI requires continuous application of diffusion-sensitive gradient magnetic field scanning in a plurality of non-collinear directions (from a minimum of six to up to a hundred directions). Indices can be calculated from DTI include MD, which represents the average intensity of water diffusion, and FA, which denotes the directivity of water diffusion (Hageman et al., 2009 ). The unique membrane structure of neurons can effectively prevent perpendicular water diffusion because of highly uniform orientation of white matter fiber tracts (Fan et al., 2014) . During early stages of pyramidal tract WD, the demyelination of nervous tissue and axonal degeneration may occur, leading to hydrophilicity and changes in structural integrity, which can be detected by highly sensitive DTI scans. Furthermore, the proliferation of neuroglial cells in the damaged area also results in decreased FA values on DTI, confirming the diagnosis of WD (Freeman, 2014) . However, the MD values did not change significantly during early pyramidal tract WD probably because water diffusion was restricted by the local accumulation of the cellular debris of neurons. In the late stages of WD, cellular debris are removed, leading to increased water diffusion and subsequent slightly enhanced MD values (Maxwell et al., 2015) . Our results were consistent with a previous study that revealed the FA value of the ipsilateral pyramidal tract in cerebral infarction patients on DTI was obviously decreased compared with the contralateral pyramidal tract on day 5 after onset, whereas there was no significant difference in MD between the two regions (George et al., 2014) .
Several studies have suggested that the severity of early pyramidal tract WD has important implications for the subsequent recovery of neurological function (Hsu and Stevenson, 2015) . Yeo and Jang (2013) have demonstrated a negative correlation between the FA values of WD patients on DTI and NIHSS score on day 180. However, WD was not quantitatively assessed in any of these studies. Miyai et al. (2001) believed that pyramidal tract WD only delays the recovery process of nerve function without affecting the outcome of neurological function. Our study has provided some evidence for the elucidation of the relationship between the DTI results of early pyramidal tract WD and postinfarction functional recovery of the nervous system. However, further studies are required to confirm these findings in the future.
Although DTI is suitable for the early non-invasive diagnosis of pyramidal tract WD, there are several unclarified issues. For instance, it remains unclear whether DTI results are consistent with the pathological progression. The association between changes in the DTI indices of pyramidal tract WD and local cellular changes also needs further investigation (Pujol et al., 2015) . Nevertheless, with the development of DTI technology, it shall play an important role in the diagnosis and prognosis of pyramidal tract WD, as well as evaluation of drug efficacy for the treatment of the disease.
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